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impairments and physical disability more than just either sarcopenia or obesity alone (4, 35) . Sarcopenia and obesity magnify one another as the loss of muscle reduces the mass of available insulin-responsive tissue, promoting insulin resistance, which, in turn, promotes the metabolic syndrome and obesity (4) . A characteristic metabolic feature of both aging and obese skeletal muscle is an increase in intramyocellular lipid (IMCL) content (40, 41) . Increases in IMCL content may play an important mechanistic role in the development of the muscle's resistance to anabolic stimuli and the progression of sarcopenia with aging and muscle atrophy in obesity (20, 22, 41, 46) . In support of this concept, studies performed in cultured skeletal muscle cells have revealed that the accumulation of bioactive lipid metabolites (i.e. ceramide) can inhibit MPS response to anabolic stimuli (26) . Furthermore, previous investigations have shown that reducing IMCL content improves the sensitivity of the muscle in obese animals to anabolic stimuli, such as insulin (25) . However, the underlying mechanisms by which age-and obesity-related IMCL accumulation diminish insulin-stimulated anabolic signaling have not been identified. Furthermore, while the physiology seen in both aged and obese individuals is similar, the mechanisms leading to muscle atrophy and fat accumulation may be different. Thus, the overall objective of this study will be to examine the role of IMCL accumulation on age and diet-induced changes in skeletal muscle anabolic response to insulin stimulation.
Insulin is a powerful anabolic factor that stimulates MPS through signaling pathways that induce hypertrophy (38) . In fact, recent work has shown that both amino acids and insulin are required for anabolic events such as stimulating protein synthesis, inhibiting protein degradation, and activation of translation machinery (6, 36, 37) . The mechanistic target of rapamycin (mTOR) serves as a sensor and activator for protein synthesis in response to anabolic stimuli through downstream kinases such as p70S6 kinase (S6K1) or binding proteins like eIF4E-binding protein 1 (4E-BP1), which initiate protein translation (38) . Insulin resistance refers to the inability of insulin to induce an appropriate cellular response. Insulin resistance is highly coupled with aging and obesity and results in decreases in glucose uptake, MPS, and the inability to inhibit lipid uptake (38, 46) . This occurs because of a blunted activation of important insulin-activated proteins, such as Akt and mTOR. Akt is activated in an insulin-dependent manner and can affect multiple anabolic processes (18) . It is hypothesized that increases in intramuscular fat seen in aged and obese states can lead to insulin resistance through ceramide synthesis and lipotoxicity (10, 12, 16, 30) .
The chronic proinflammatory state observed with aging and obesity may play a critical role in the decline of muscle mass and function observed in these conditions (23) . The master transcription factor NF-B accompanied by inflammatory cytokines that are its transcriptional targets are reported as being regulated by bioactive lipids, such as ceramide and diacylglycerols (DAG) (23, 45, 53) . In its inactive state, NF-B is sequestered in the cytoplasm by its inhibitor IB␣. Upon degradation of IB␣, NF-B can enter the nucleus and, once phosphorylated, increase transcription of its target genes (27) . Increases in inflammatory pathways can lead to dysregulation of anabolic regulators, such as Akt and mTOR (28, 31) . Lipid accumulation in the muscle may also be involved in inflammation through targets like TNF-␣ and Toll-like receptor 2 (TLR2), and IL-1␤ (15, 31, 33) . Understanding the mechanisms initiating the chronic activation of these proinflammatory pathways could be essential for understanding muscle loss with aging and obesity.
In the present study, we used aged and high-fat-fed mice to determine the mechanisms that lead to muscle loss associated with aging and obesity. Muscle loss can occur due to either decreased MPS or increased MPB, and it is still unclear which plays a greater role in aging and obesity. We hypothesized that the accumulation of intramuscular fat leads to insulin resistance in both the aged and high-fat-fed animals, and this inability to activate protein synthesis in response to insulin may be a contributing factor in skeletal muscle loss.
METHODS

Study Design
Male C57BL/6 mice aged 3 mo (YNG, n ϭ 32) and 21 mo (OLD, n ϭ 14) were purchased from the National Institute on Aging. Mice were housed in a temperature-controlled animal room (21°C) maintained on a 12:12-h light-dark cycle with free access to food and water. All animal experimentation procedures were approved by the Institutional Animal Use and Care Committee of the Jean Mayer USDA Human Nutrition Research Center at Tufts University.
Old mice on the control-fed diet (OLD CFD) were assigned a 10% fat/kcal isocaloric diet (D12450B; Research Diets New Brunswick, NJ), and young mice were randomly assigned to either a 10% fat/kcal isocaloric diet (YNG CFD; D12450B, Research Diets) or a high-fat 60% fat/kcal isocaloric diet (YNG HFD; D12492, Research Diets). After 12 wk of ad libitum feeding, mice were fasted for 5 h and then received either a intraperitoneal injection of 0.85 U/g body wt insulin (INS; Humulin R, Eli Lilly, Indianapolis, IN) or an equivalent volume of saline (VEH). It has been previously reported that there are 10 times higher circulating insulin levels at equivalent doses of insulin (10 mU/g body wt) to the current study, compared with physiological events, such as refeeding (1) . Thirty minutes after the administration of INS or VEH, tissue was collected, snap frozen in liquid nitrogen, and stored at Ϫ80°C for later analysis.
Fasting Glucose and Lean Mass
Blood glucose was determined after a 5-h fast using the Contour blood glucose monitoring system (Bayer Diabetes Care, Whippany, NJ). Determination of the body composition of each animal was performed using quantitative magnetic resonance EchoMRI-900 whole body composition analyzer (Echo Medical Systems, Houston, TX).
Grip Strength
A Chatillon E-DFE digital force gauge (Ametek, Largo, FL) was used to measure grip strength. Briefly, the forelimb of the mouse was allowed to grasp onto the pull bar assembly. The animal was then gently pulled backward by the tail leading away from the sensor until the grip was released, and maximum force attained was stored on the display. Three trials were performed for each mouse with at least a 10-min resting period between trials.
Lipidomics
Lipidomics was analyzed using a high-performance liquid chromatography/tandem mass spectrometry (LC/MS 2 ), as previously described (41), with modifications. Briefly, lipids were extracted in isopropanol:water:ethylacetate (30:10:60), evaporated under N 2 gas stream, and then resuspended in chloroform:methanol (2:1). Separation by HPLC was carried out using a C8 X-Bridge (150 mm) column (Waters, Milford, MA). Levels of individual lipids were quantified using spiked internal standards, including D-erythro-sphingosine-d7 (860657), D-erythro-sphingosine-1-phosphate (860492), N-palmitoyl-D-erythro-sphingosine (860516), N-stearoyl-D-erythro-sphingosine (860518) for sphingolipid analysis and d5-DG internal standard mixture I (LM-6001), and d5-DG internal standard mixture II (LM-6004) for diacylglycerol analysis (Avanti Polar Lipids, Alabaster, AL). Mass spectrometry was carried out in an AB QTRAP 5500 mass spectrometer (Agilent Technologies, Lexington, MA) following the expected fragmentation pattern of each of the lipids under specific conditions.
Cellular Signaling and NF-B Activity Measures.
The phosphorylation and concentration of signaling proteins were quantified via Western blot analysis, as performed previously (42) . The gastrocnemius muscle was cut and weighed and then homogenized at 1:10 wt/vol with ice-cold homogenization buffer [50 mM Tris·HCl (pH 7.5), 5 mM Na-pyrophosphate, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 10% glycerol (vol/vol), 1% Triton X, 1 mM DTT, cOmplete ULTRA (Roche Applied Science, Indianapolis, IN) and PhosSTOP inhibitors (from Roche Applied Science) (1 tablet/10 ml)]. Following centrifugation (10,000 g at 4°C) for 10 min, the supernatant was collected and assayed for protein content. The supernatant was solubilized in Laemmli buffer (10 mM DTT), separated by SDS-PAGE, and transferred to PVDF membranes. The membranes were then blocked (5% nonfat dry milk) and incubated overnight at 4°C with primary antibodies specific for phospho-Akt (9271), Akt (9272), phospho-mTOR (2971), mTOR (2972), phospho-S6K (9205), S6K (9202), phospho-4E-BP1 (2855), phospho-IB␣ (9246), IB␣ (9242), phospho-NF-B (3033 and 3039), and NF-B (8242). Membranes were probed with GAPDH 2118 or histone 3 (4499) to monitor protein loading; all antibodies were from Cell Signaling Technology (Danvers, MA). The immunoreactive proteins were detected with Supersignal chemiluminescent substrate (Thermo Scientific, Rockford, IL), and intensities were quantified by densitometry (Chemi-doc XRSϩ system; Bio-Rad, San Leandro, CA) and analyzed, as previously described (39) . Nuclear fractionations were carried out using NE-PER nuclear and cytoplasmic extraction kit, as per the manufacturer's instructions (Thermo Scientific), and probed as described previously. NF-B DNA binding assay was obtained from Abcam (ab133128; Cambridge, MA) and was performed according to the manufacturer's instructions.
mRNA Expression Analysis
RNA was extracted from gastrocnemius muscle using Aurum Total RNA fatty and fibrous tissue pack per manufacturer's instructions (732-6830; Bio-Rad, Hercules, CA). mRNA concentration and purity were determined by spectrophotometry (Nanodrop 1000; Thermo Scientific, Wilmington, DE). cDNA was generated via iScript Reverse Transcription Supermix for RT-qPCR (170 -8840; Bio-Rad). cDNA levels were measured using validated primer pairs from PrimerBank for the following genes:
, and Nfkbia (6754840a1) (51) . All reactions were run using a commercially available reaction mixture (iTaq Universal SYBR Green Supermix; Bio-Rad) on a CFX-96 Touch (Bio-Rad). Fold changes in gene expression were normalized to the reference gene ␤-transducin repeat containing E3 ubiquitin protein ligase (Btrc) (6753210a1).
Statistical Analysis
Lipidomics, gene expression, IB␣ ubiquitination, and NF-B activity. Differences between groups were identified using a one-way ANOVA with Tukey post hoc test with GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, http://www.graphpad.com).
Results are expressed as means Ϯ SE, and statistical significance was accepted at P Ͻ 0.05.
Cellular signaling. Differences between groups were identified using a two-way ANOVA with Bonferroni post hoc test with GraphPad Prism version 5.00 for Windows (GraphPad Software). Results are expressed as means Ϯ SE, and statistical significance was accepted at P Ͻ 0.05.
RESULTS
Obese and aged mice have significantly reduced muscle function and mass. The metabolic, functional, and compositional consequence of obesity and aging were first determined in the groups of mice. Twelve weeks of high-fat feeding increased body weight and fasting blood glucose levels compared to control feeding and aging (Table 1 ). Obesity and aging are associated with significantly lower percent lean mass compared with lean mice (Table 1) . Grip strength in humans has previously been shown to be a potential predictor of future mortality and morbidity and is related to total muscle strength (9, 43, 52) . We now show that grip strength is significantly lowered with aging and obesity ( Table 1 ). These data establish that with aging and obesity, there is a significant reduction in muscle mass and function as measured by grip strength.
Obesity and aging increase the intramuscular storage of sphingolipid and diacylglycerol. In addition to declines in metabolic rate, obesity and aging are associated with changes to skeletal muscle composition. Using lipidomic analysis, we determined the baseline intramuscular storage of multiple moieties of the bioactive lipids, ceramide (Cer), and diacylglycerol (DAG). Aging significantly increased the intramuscular storage of all 12 Cer species approximately twofold compared with lean animals (Fig. 1A) . In obesity, ceramide storage was significantly increased approximately fourfold vs. YNG CFD and approximately twofold vs. OLD CFD (Fig. 1A) . (Fig. 1B) , while the DAG species C16:0 -16:0, C16:0 -18:1, C18:0 -18:2, C18:0 -20:4, and C18:1-18:1 were significantly different between YNG HFD and OLD CFD animals (Fig. 1B) . The only DAG species that was significantly increased in OLD CFD vs. YNG CFD was C20:4 -20:4 (Fig.  1B) . These data show a significant change in the storage of bioactive lipids in aged and obese skeletal muscle.
The response of anabolic signaling to insulin is attenuated with high-fat feeding. Anabolic resistance is a consequence of both aging and obesity and can precipitate the loss of skeletal muscle mass. Therefore, we determined the response of anabolic signaling in skeletal muscle to a maximal dose of insulin. After insulin stimulation, the phosphorylation of the anabolic regulator Akt was increased similarly in all groups compared with vehicle ( Fig. 2A) . However, insulin-stimulated activation of the nutrient sensor mTOR was significantly impaired by age and high-fat feeding with a 120% increase mTOR phosphorylation in YNG CFD and only a 23% and 27% increase in YNG HFD and OLD CFD, respectively (Fig. 2B) . Downstream of mTOR, the insulinstimulated phosphorylation of S6K1 was attenuated in obese animals, as seen with an eight-fold increase and eleven-fold increase in lean and aged mice, respectively compared with only a five-fold increase observed with obesity (Fig. 2C) . The phosphorylation of 4E-BP1 was similarly increased in all groups after insulin stimulation (Fig. 2D ). These data demonstrate anabolic resistance with aging, and these effects are greater with obesity. Increased IB␣ phosphorylation and ubiquitination in aged mice. Chronic inflammation accompanies both aging and obesity, an event that may precede the metabolic dysfunction and muscle loss observed during these conditions. We determined the baseline activation of the important transcription factor for inflammatory cytokines NF-B and its inhibitor IB␣ in the skeletal muscles of animals that were fasted 5 h. We observed a significantly higher total protein concentration and phosphorylation of IB␣ in both the cytosolic and nuclear fraction of OLD CFD compared with YNG CFD and YNG HFD (Fig. 3,  A and B) . These results were mirrored in the total fractions showing higher IB␣ total protein concentration and phosphorylation in OLD CFD compared with YNG HFD and YNG CFD (Fig. 3C) . When determining the ubiquitination of IB␣ via mobility shift, we observed significantly higher ubiquitinated IB␣ in OLD CFD compared with YNG HFD and YNG CFD (Fig. 3D) . These data show a significant activation of IB␣ with aging but not obesity compared with control.
The phosphorylation and subsequent inhibition of IB␣ precede the activation of the critical transcription factor NF-B, conferring the transcription of its multiple target genes. As a result of the significantly higher phosphorylation of IB␣ found with aging, we determined the cytosolic and nuclear activation phosphorylation and activation of NF-B. There were no differences in cytosolic and nuclear, total protein content (Fig. 4A) , phosphorylation of NF-B on its Ser-468 (Fig. 4B) or Ser-536 (Fig. 4C) sites, and the DNA binding activity of NF-B (Fig. 4D) .
Alteration in the expression of NF-B target genes. NF-B is a master transcriptional regulator of genes responsible for immune response, inflammation, cellular growth, apoptosis, and other developmental processes. Therefore, we determined the gene expression of both IB␣ (Nfkbia) and NF-B (Rela), observing no difference between any of the groups (Fig. 5, A  and B) . We next determined the mRNA expression of NF-B transcriptional targets and observed a fourfold increased expression of both immune receptor Tlr2 and the cytokine Il1b in OLD CFD compared with both young groups (Fig. 5, C and  D sion of the protease Capn3 with aging compared with obesity ( Fig. 5F ), although we observed no difference in the expression of the inflammatory cytokine Il6 (Fig. 5G) . Potential downstream targets of TNF-␣ previously found to be elevated with chronic inflammation are the E3 ligases MuRF1 (Trim63) and atrogin-1 (Fbxo32) that have a recognized role in muscle atrophy (5) . We now report no differences in either of the E3 ligases in any group (Fig. 5, H and I) .
DISCUSSION
In the current study, we report that increases in the bioactive lipids ceramide and diacylglycerols are associated with decreases in lean mass and muscle strength in aged and obese animals. Furthermore, there was an attenuated insulin response to components of the mTOR anabolic signaling pathway. Interestingly, we also observed differential increases in the expression of some inflammatory cytokines and the phosphorylation of IB␣ between the aged and obese animals with no change in markers of protein degradation, MuRF1, and atrogin-1 in either group. These data provide evidence that the decreases in lean mass and strength observed in these groups may be associated with the increased accumulation of bioactive lipid metabolites and independent of increased inflammation.
In agreement with the current study, we have recently reported an attenuated growth signaling response after anabolic stimulation in older compared with younger men (41). These differences were associated with increases in both ceramide accumulation and NF-B signaling with aging. In the current study, we determined the accumulation of two major bioactive lipids, ceramide and diacylglycerol, which both have a known inhibitory role in skeletal muscle growth and metabolism (3, 14, 29, 41) . We had the ability to detect 12 different sphingolipids, including ceramide, sphingosine, and their respective metabolites dihydroceramide, sphingonine, and sphingosine-1-phosphate. Aging significantly increased the accumulation of sphingolipids in skeletal muscle twofold to fourfold compared with lean mice, while sphingolipid accumulation was higher in obesity compared with both lean and aged mice. Furthermore, we detected 14 different DAG moieties in skeletal muscle, and these were all increased with aging compared with lean mice and were higher with obesity compared with both aged and lean mice. These results are intriguing since ceramide accumulation is required for proinflammatory induction of insulin resistance in skeletal muscle (17, 19, 24, 47) , and increased DAG accumulation is predictive of insulin resistance in humans (8) .
Chronic inflammation associated with aging has been referred to as "inflammaging" and can have several consequences, such as anabolic resistance and increased catabolic effects (13, 44, 48) . Furthermore, increased lipid accumulation with obesity is associated with an increased inflammatory state through interaction with members of Toll-like receptor (TLR) family and the secretion of cytokines, including TNF-␣, IL-1␤, and IL-6 (32). In the current study, only aged mice showed an increase in the expression of the inflammatory markers TLR2, TNF-␣, and IL-1␤. When determining the pathway activation of NF-B, the central inflammatory transcription factor, we similarly observed a higher phosphorylation and ubiquitination of its key inhibitor IB␣ with aging, but not in obesity. In spite of these data, the phosphorylation and activity of NF-B were not different between the groups. However, it has been previously reported that the expression of IB␣ is a good indicator of the transactivation potential of NF-B (11), and, therefore, a limitation of our experiments may be the insensitivity of our NF-B analysis. Increases in the inflammatory components, such as IB␣, TLR2, IL-1␤, and TNF-␣ were only observed with aging and not obesity. These unobserved changes of inflammation with obesity may be a result of the length of the dietary intervention, since it has been previously reported that 16 wk of high-fat feeding is required to observe increased inflammation in mice, despite the increase in lipid accumulation and the development of insulin resistance (49) . Importantly, we now show in this study an increase in the accumulation of ceramide and DAG lipid moieties in obese and aged mice, leading to a lower activation of mTOR signaling in response to insulin. Therefore, it is possible that fat feeding leads to insulin resistance and muscle loss via a different mechanism than in aged mice.
We are, to the best of our knowledge, the first to show an increase in phosphorylation, total protein concentration, and ubiquitination of IB␣ in skeletal muscle of aged mice. The reasons and consequences of this increase are unclear and warrant further research, as IB␣ may play a key role in the development of sarcopenia. Recently, it has been shown that IB␣ may have roles beyond acting as an inhibitor of NF-B and act as a cotranscription factor affecting the transcription of various histone deacetylases (HDACs) (50) . HDACs are well known for their regulation of muscle atrophy through the regulation of histone acetylation, making our result a novel target for future studies (7, 34) . There are some limitations and weaknesses associated with this study. A huge superphysiological dose of insulin was used, and this may mask some of the subtle differences in insulin sensitivity, especially between the aged and lean mice. However, because the dose was normalized to body weight, this means that the lack of a response observed in obese mice is a true decrease, because they received a large dose appropriate for their increase in mass.
Perspectives and Significance
We show that both aging and obesity increase the accumulation of critical bioactive lipids in the skeletal muscle, leading to decreases in lean mass and muscular strength and an attenuated anabolic response to insulin in these conditions. Further, we show these effects were associated with inflammation in the skeletal muscle of aged but not obese mice. These data challenge the accepted role of increased inflammation in obesityinduced insulin resistance in skeletal muscle. Furthermore, we have now established IB␣ with a novel function in agingassociated skeletal muscle loss that may be independent of its previously understood role as an NF-B inhibitor.
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